GPCR-associated sorting protein 1 (GASP-1), which specifically targets several 7TM-GPCR to the lysosomal pathway after endocytosis. Furthermore, GASP-1 was recently found to directly affect the signaling capacity of a 7TM-GPCR. Importantly, the in vivo relevance of GASP-1-dependent receptor sorting has also begun to be verified in animal models. Here, we summarize the recent advances in elucidating GASP-1-dependent receptor sorting functions and their potential implications in vivo.
GASP-1 Regulates Postendocytic Sorting of 7TM-GPCRs
Pharmacology 2010;86:22-29 23 endocytosis, whereby agonist-activated cell surface receptors are rapidly removed from the plasma membrane ( fig. 1 ). Typically, receptor endocytosis is facilitated by phosphorylation of the receptor by GPCR kinases and the subsequent interaction with nonvisual ( ␤ )-arrestins, both of which 'desensitize' signal transduction between receptor and G protein. In general, receptors can be endocytosed via clathrin-coated pits, caveolae or uncoated pits [3] . However, most cell surface receptors are internalized by clathrin-dependent mechanisms, where the invagination and pit assembly are supported by clathrin and adaptor proteins such as the adaptor protein 2 [4, 5] .
Postendocytic Sorting of 7TM-GPCRs
Following endocytosis, individual receptors can be sorted between recycling and degradative pathways ( fig. 2 ) [6, 7] . Thus, the postendocytic fate of a 7TM-GPCR determines the role of endocytosis in signal transduction. For a recycling receptor, endocytosis can serve as a mechanism for receptor resensitization by delivering internalized receptors to endosomes, from where they can be recycled to the plasma membrane in a fully active state . Alternatively, for receptors that are degraded, rapid endocytosis can serve as a first step towards receptor downregulation by delivering the receptors to endosomes, from which they are further targeted to the lysosomes. The cascade of events for each receptor, globally referred to as 'receptor trafficking', is thought to be initiated already at the plasma membrane, where receptors are 'tagged' -e.g. phosphorylated or ubiquitinated -to determine their endocytic and postendocytic fates.
Receptor phosphorylation can occur in response to activation by an agonist and is necessary for receptor endocytosis [8] [9] [10] . However, it has been suggested that receptor phosphorylation not only influences endocytosis, but also influences the postendocytic fate of a receptor by regulating interactions with sorting proteins or by inducing other posttranslational modifications [11, 12] . Indeed, ubiquitination of 7TM-GPCRs, which involves the covalent attachment of ubiquitin to lysine residues of the cytoplasmic tail, has in some cases been shown to act as a 'sorting signal' that promotes endocytosis and lysosomal targeting [13] [14] [15] . In addition, several proteins have been identified that specifically target 7TM-GPCRs to either recycling [11, [16] [17] [18] [19] or degradative pathways [20, 21] .
Recycling of 7TM-GPCRs Traditionally, recycling of receptors was thought to occur by default. This was based on the observations that (i) the membrane itself is continuously recycled, and (ii) disruption of lysosomal sorting often results in enhanced recycling of 7TM-GPCRs [22] [23] [24] . Intriguingly, recent findings support a model of regulated recycling of some 7TM-GPCRs that is mediated by specific recycling sequences contained in their cytoplasmic tails [16, [25] [26] [27] . ␤ -Arrestin/clathrin-dependent endocytosis of 7TM-GPCRs. Agonist binding to 7TM-GPCRs leads to the activation of heterotrimeric G proteins and initiation of a signal transduction cascade (1) . Desensitization of receptors is facilitated by phosphorylation through GPCR kinases (GRK) (2) and subsequent recruitment of ␤ -arrestins (3). The endocytosis of the receptors is finally mediated by clathrin and adaptor protein 2 (AP-2) (4). The vesicle abscission is facilitated by dynamin and leads to the formation of cargo-containing endocytic vesicles (5 24 One example of sequence-directed recycling involves the ␤ 2 -adrenergic receptor ( ␤ 2 -AR). ␤ 2 -AR contains a distal sequence (DSLL) that has been shown to be important for its recycling to the cell surface after endocytosis via interactions with postsynaptic density 95/disk large/ zonula occludens-1 (PDZ)-domain-containing proteins of the Na + /H + exchanger regulatory factor (NHERF)/ ezrin radixin-moesin (ERM)-binding phosphoprotein 50 (EBP50) family [16, 28] . Deletion of this domain, or phosphorylation of the serine in this domain, disrupts the interaction of the ␤ 2 -AR with NHERF/EBP50, prevents receptor recycling [11] and promotes receptor degradation [29] .
Lysosomal Sorting of 7TM-GPCRs The sorting of receptors to the lysosomal pathway does not occur by default, but instead appears to be facilitated by interaction with one or more of an array of sorting proteins. For ubiquitinated proteins, the highly conserved endosomal sorting complex required for transport (ESCRT) machinery directs the transport of ubiquitinated cargo for degradation via a compartment termed the multivesicular body [25] . The sorting process is initiated by a protein complex (often referred to as ESCRT-0) consisting of the hepatocyte-growth-factor-regulated tyrosine kinase substrate (Hrs) and the signal transduction adapter molecule, which recognize ubiquitinated proteins with their ubiquitin-interaction motifs. By interaction of Hrs with the ubiquitin E2 variant domain of the tumor suppressor gene 101, the binding of ESCRT-I complex is initiated. Subsequently, ESCRT-II and -III complexes are recruited to the endosomal membrane, which deliver the cargo to the lysosomes for degradation [30] [31] [32] . However, the ESCRT machinery appears to be required for degradation of membrane proteins, also including some 7TM-GPCRs that are not ubiquitinated. For example, the ␦ -opioid receptor (DOR) is ubiquitinated and targeted for degradation following its endocytosis. However, ubiquitination of DOR is not required for either ligand-induced endocytosis or postendocytic degradation of DOR [26] . Together these data suggest that the ESCRT machinery in some way can recognize and select non ubiquitinated receptors and transport them for degradation. However, in this case it is unclear what 'tags' these nonubiquitinated proteins for degradation.
One possibility is the existence of accessory sorting proteins that serve as linkers between membrane proteins and the ESCRT machinery. Sorting nexin-1 (SNX-1) is one non-ESCRT protein that is involved in targeting 7TM-GPCRs to the lysosomal pathway. Initially, SNX-1 was shown to bind to Hrs, and to promote the targeting of the non-GPCR epidermal growth factor receptor to the degradative pathway [33] . Subsequently, SNX-1 was shown to effect the downregulation of the protease-activated receptor-1 [34] 7TM-GPCR, and is reported to bind, at least in vitro, to the C termini of several 7TM-GPCR such as the virally encoded chemokine receptor US28 [35] and the DOR [35] . However, not all 7TM-GPCRs that bind SNX-1 are targeted for degradation; for instance, the muscarinic receptors M1 and M4 both interact with SNX-1 [35] , but are still known to be efficiently recycled after agonist stimulation [36, 37] . More recently, dysbindin -a cytoplasmic protein encoded by DTNBP1 [38] -was implicated in the postendocytic sorting of the dopamine D 2 receptor and DOR to the degradative pathway and was shown to co immunoprecipitate with both Hrs proteins and another sorting protein, the GPCR-associated sorting protein 1 (GASP-1) [39] . The GPCR-Associated Sorting Proteins GASP-1 was discovered by Whistler et al. [7] in 2002 in a yeast two-hybrid screen with the carboxyl terminus of the DOR and has since been reported to specifically target several diverse 7TM-GPCRs to the lysosomal/degradative pathway [7, 29, [40] [41] [42] [43] [44] [45] ( table 1 ) . Although 9 additional family members of GASP-1 (GASP-2 to GASP-10) have been suggested [47] , there is no functional evidence to date that any of these other GASP family members are involved in the sorting of 7TM-GPCRs.
GASP-1 is a large acidic protein of 1,394 amino acids that is highly expressed in brain and in a few additional tissues [49] , encoded by a gene on the X chromosome in both humans and mice [47] . The 497-amino-acid COOH terminal of GASP-1 (cGASP-1) can disrupt the interaction of GASP-1 with 7TM-GPCRs [7, 40, 42] and, when overexpressed, cGASP-1 can function as a 'dominant negative competitor' for GASP. For instance, the DOR-GASP-1 interaction is disrupted by overexpression of dominant negative cGASP-1 [7] , which inhibits the traf- ficking of DOR to lysosomes and promotes its recycling back to the cell surface [7] . GASP-2, with the closest homology to GASP-1, has been shown to directly bind the D 2 dopamine receptor (D2R) and the ␤ 2 -AR [29] , the viral chemokine receptor US28 [44] as well as huntingtin (Htt), a protein playing a role in the neurodegenerative disorder Huntington's disease [50] ( table 2 ) . However, to date no functional consequence has been reported for protein interactions with GASP-2. Nevertheless, cGASP-1 shares 62% sequence identity with the C-terminal region of GASP-2 ( fig. 3 ). Hence, it is possible that if GASP-1 and GASP-2 have similar functions, cGASP-1 will act as a dominant negative for both.
GASP-1-Dependent Sorting of 7TM-GPCRs
Intriguingly, GASP-1 seems to show selectivity for individual members of 7TM-GPCR subfamilies. For example, the DOR, bradykinin 1 receptor and the D2R are targeted for degradation by GASP-1, while their respective family members -opioid receptor, bradykinin 2 receptor and dopamine D 1 receptor (D1R) do not interact with GASP-1 and are recycled to the plasma membrane rather than targeted for degradation [7, 40, 46] .
A study by Thompson et al. [29] showed that the relative affinity of individual receptors for GASP-1 and other sorting proteins can regulate their postendocytic sorting capacities. For instance, the C terminus of wild-type ␤ 2 -AR binds to GASP-1 in glutathione S-transferase pulldown assays. However, no direct protein-protein interaction of ␤ 2 -AR with GASP-1 was detected in a HEK293 cell model, resulting in an efficient recycling of the ␤ 2 -AR. Hence, it seems that recycling proteins such as NHERF/ EBP50 and N-ethylmaleimide-sensitive factor 'win' the competition with GASP-1 for binding to this receptor. Indeed, when the PDZ domain of ␤ 2 -AR is disrupted and, thus, ␤ 2 -AR cannot bind the recycling proteins, this mutant ␤ 2 -AR associates with GASP-1 and is degraded [29] . Another example is the -opioid receptor, where structural sequence determinants within the C tail of the receptor seem to prevent the binding to GASP-1. Here, the truncation of the last 17 amino acids of the receptor [26] was shown to enhance its interaction with GASP-1 and lead to lysosomal targeting of the mutant receptor [29] . In contrast, the deletion of a small motif within the cyto- plasmic tail of D1R blocked the recycling of the receptor, but had no effect on the affinity of D1R for GASP-1. As a result, this mutant D1R was neither recycled nor degraded. Hence, preventing the interaction of 7TM-GPCRs with recycling proteins alone does not promote receptor degradation, unless the receptor shows an affinity for degrading sorting proteins such as GASP-1 [29] .
GASP-1: Regulator of Signal Transduction?
The sorting of individual receptors between recycling and degradation is a tightly controlled process that is of fundamental importance for the regulation of 7TM-GPCR signaling. Until recently, the only function reported for GASP-1 was the targeting of a variety of 7TM-GPCRs to the degradative/lysosomal pathway.
Intriguingly, we have recently demonstrated that GASP-1 is directly involved in modulating the signaling capacity of a 7TM-GPCR. GASP-1 targets the virally encoded 7TM-GPCR US28 to late endosomes/lysosomes [44] , a place that has been suggested to be crucial for the envelopment of viruses. In addition, we observed that the overexpression of GASP-1 in HEK293 cells significantly enhanced the G ␣ q /phospholipase C/inositol phosphate turnover by US28, whereas shRNA silencing of GASP-1 dramatically reduced inositol phosphate formation in these cells [44] . Moreover, the activation of the transcription factors nuclear factor-B and cyclic-AMP-responsive element-binding protein via US28 were also either enhanced or prevented by overexpression or shRNA silencing of GASP-1, respectively [44] . It is not clear yet whether the enhanced/decreased signaling capacity of US28 in the presence/absence of GASP-1 is caused by (i) a more active conformational state of the receptor upon GASP-1 binding, or (ii) its relocalization into a particular endosomal compartment that is important for signal transduction [51, 52] . However, the capacity of GASP-1 not only to modulate the postendocytic sorting, but also to directly influence the signaling activity of 7TM-GPCRs might point towards an important role of GASP-1 in connecting both processes.
In vivo Relevance of GASP-1-Dependent Sorting
The first evidence suggesting that GASP could have an in vivo function was provided by experiments examining D2R function in the rat ventral tegmental area. Ventral tegmental area slices pretreated with D2R agonist failed to recover from receptor desensitization consistent with the ability of D2R to degrade after endocytosis. However, disrupting the D2R-GASP-1 interaction using an inhibitory antibody allowed the recovery of functional D2R responses [40] . Shortly thereafter, observations that the CB 1 cannabinoid receptor was sorted to lysosomes by GASP in vitro [42] led to experiments assessing the in vivo relevance of this finding.
Tappe-Theodor et al. [43] linked the development of analgesic tolerance to cannabinoids to the postendocytic trafficking of the cannabinoid receptor CB 1 [43] . In this study, mice were treated with an adenovirus expressing dominant negative cGASP-1 and were chronically treated with a cannabinoid drug. The mice receiving the control virus showed tolerance to the analgesic effects, while the mice receiving dominant negative cGASP-1 showed a significantly reduced tolerance [43] .
Based on the strength of these initial studies, mice with a disruption of GASP-1 were generated. Using these mice, Martini et al. [48] demonstrated that the development of tolerance to many of the physiological effects of cannabinoids were significantly reduced in GASP-1 knockout mice. Importantly, CB 1 receptor levels in GASP-1 knockout mice were not altered in the spinal cord and cerebellum after repeated cannabinoid administration, whereas receptor levels were significantly decreased in the wild-type littermates.
Also using these mice, Thompson et al. [45] have shown that repeated treatment of wild-type but not GASP-1 knockout mice with cocaine leads to a downregulation of D2R in mouse striatum. In addition, disruption of GASP-1 has been shown to alter behavioral responses to cocaine. For example, GASP-1 knockout mice show a reduced locomotor sensitization to cocaine and reduced acquisition of cocaine self-administration [41, 45] .
Taken together, these early studies begin to reveal the in vivo relevance of GASP-1. The in vivo relevance of GASP-1-dependent sorting of 7TM-GPCRs including the development of tolerance or the sensitization/responsiveness to drugs might help guide new therapeutic approaches. This is especially important since the postendocytic fate of a 7TM-GPCR target in response to drugs has rarely been evaluated during preclinical development. Thus, more studies are clearly needed to unravel the complex processes and the proteins and mechanisms involved in controlling the sorting of 7TM-GPCRs.
Conclusion
Accumulating evidence suggests an important role for GASP-1 in the sorting of many 7TM-GPCRs to the degradative pathway. Several studies have now shown that ly-sosomal targeting involves a direct interaction of GASP-1 with the cytoplasmic tails of the receptors, and that these C termini contain specific 'target' sequences that may facilitate the interaction with GASP-1. Recently, GASP-1 has also been found to be a crucial determent in directly regulating the signaling capacity of a 7TM-GPCR, e.g. the viral receptor US28. Whether GASP-1 directly favors a more active conformation of the receptor or rather targets it to a 'signalosome' as yet remains unclear.
Importantly, the in vitro findings were also translated into animal models, verifying that GASP-1-dependent sorting of 7TM-GPCRs has functional consequences in vivo. The first in vivo studies identified the involvement of GASP-1 in the development of tolerance and sensitization to drugs of abuse and pain, including cocaine and cannabinoids. However, there is a plethora of GPCR drugs in which the trafficking fate of the receptor remains unstudied. Hence, the identification of GASP-1 as a key player in receptor downregulation might be a step towards a more accurate understanding of the molecular mechanisms underlying 7TM-GPCR drug efficacy, side effects and tolerance.
